Introduction
============

The production of appropriate numbers and types of cells to form a functional central nervous system (CNS) requires a finely tuned balance between the different modes of divisions that neural stem and progenitor cells undergo ([@bib26]; [@bib8]). Three distinct modes of divisions occur during vertebrate CNS development: self-expanding (symmetric proliferative \[PP\]) divisions ensure the expansion of the progenitor pool by generating two daughter cells with identical progenitor potential, self-renewing (asymmetric \[PN\]) divisions generate one daughter cell with a developmental potential indistinguishable from that of the parental cell and another with a more restricted potential, and self-consuming (symmetric terminal neurogenic \[NN\]) divisions generate two cells committed to differentiation, thereby depleting the progenitor pool ([@bib13]; [@bib26]; [@bib8]). The balance between these modes of stem cell division is also at play during adult neurogenesis in order not to disrupt tissue homeostasis ([@bib47]; [@bib12]). Given the therapeutic potential of stem cell manipulations in regenerative medicine, it is important to understand the mechanisms regulating these modes of stem cell division.

The intense research over recent years has defined some of the intrinsic mechanisms that govern the mode of division in the developing nervous system. In *Drosophila* *melanogaster* neuroblasts, particular attention has been paid to the contribution of centrosome asymmetry, spindle orientation, and the inheritance of apical membrane domains ([@bib57]; [@bib11]; [@bib40]). Although not fully understood, the picture emerging suggests that some of the intrinsic mechanisms controlling the mode of division in the developing vertebrate nervous system may reflect similar features ([@bib30]; [@bib10]; [@bib27]; [@bib54]; [@bib24]; [@bib46]; [@bib5]). However, these decisions are likely to be primarily dictated by extrinsic signals.

Various extrinsic factors have been reported to affect neural stem cell behavior ([@bib9]; [@bib48]; [@bib8]). However, whether these factors affect stem cell proliferation by regulating cell cycle entry, exit, or speed ([@bib43]) or whether they directly instruct the mode of stem cell division remains elusive. Additionally, the importance of a particular extrinsic factor appears to depend on the context and to be both stage and area specific ([@bib7]).

To search for the signals controlling the modes of stem cell division in the embryonic CNS, we have recently obtained the single cell resolution necessary for the in vivo identification of the three modes of stem cell division (PP, PN, and NN) within the developing chick spinal cord ([@bib42]). This methodology, which is based on the pTis21:RFP and pSox2:GFP reporters, which are specifically activated during neuron- and progenitor-generating divisions, respectively, allowed us to establish that Sonic Hedgehog directly influences the mode of division of motor neuron progenitors by favoring PP divisions at the expense of PN and NN divisions ([@bib42]). Interestingly, the spatial--temporal dynamics of Sonic Hedgehog signaling suggested that within the spinal cord, the requirement of this pathway in regulating the modes of division is restricted to motor neuron progenitors, leaving unresolved the nature of the extrinsic signal, which plays an equivalent role later during the generation of spinal interneurons.

Here, we characterized in vivo the modes of divisions used by interneuron progenitors within the developing chick spinal cord. We examined, based on its spatial--temporal activity, the putative involvement of the canonical bone morphogenetic protein (BMP) pathway in the control of those division modes. We found that at the mitotic phase, high, intermediate, and low levels of activity of the canonical BMP effectors SMAD1/5 correlate with PP, PN, and NN divisions, respectively. Furthermore, in vivo loss- and gain-of-function experiments showed that high levels of SMAD1/5 signaling promote PP divisions, whereas a reduction in SMAD1/5 activity forces spinal progenitors to prematurely switch to NN divisions. These results led us to conclude that an endogenous gradient of SMAD1/5 activity dictates the mode of division of spinal interneuron progenitors.

Results
=======

PP, PN, and NN divisions co-occur during spinal cord neurogenesis
-----------------------------------------------------------------

From the onset of neurogenesis within the developing vertebrate CNS, neural progenitors can use three distinct modes of divisions: self-expanding (symmetric proliferative \[PP\]), self-renewing (asymmetric \[PN\]), and self-consuming (NN; [@bib13]; [@bib26]). We recently described a methodology based on the activity of the pTis21:RFP and pSox2:GFP reporters, which allows to unequivocally identify and distinguish these three modes of divisions in the chick spinal cord in vivo ([@bib42]). Whereas the pTis21:RFP reporter distinguishes pTis21:RFP^+^ neuron-generating divisions (PN and NN) from pTis21:RFP^−^ ones (PP), the pSox2:GFP reporter discriminates pSox2:GFP^+^ progenitor-generating (PP + PN) divisions from pSox2:GFP^−^ (NN) ones ([@bib42]).

Herein, we used this methodology to characterize the modes of divisions that neural progenitors undergo during the production of interneurons, which emerge along the whole dorsal--ventral axis, except the pMN domain, from stage HH18 (72 h postfertilization \[hpf\] and 30/36 somites; see [@bib23]). Coelectroporating in ovo these two reporters into HH14 chick embryos (54 hpf and 22 somites) revealed at 24 h postelectroporation (hpe; 24 hpe = ∼HH18) that the three populations of electroporated cells (GFP^+^/RFP^−^, GFP^+^/RFP^+^, and GFP^−^/RFP^+^) are observed along the dorsal--ventral axis of the developing spinal cord ([Fig. 1, A and B](#fig1){ref-type="fig"}). To quantify the proportions of the three modes of divisions, we confined our analysis to 16 hpe on mitotic (pH3^+^) electroporated cells to ensure that we only tracked cycling progenitor cells. Quantification at different time points demonstrated the progressive increase in the proportion of PN (GFP^+^/RFP^+^) divisions at the expense of PP (GFP^+^/RFP^−^) followed by the appearance of NN (GFP^−^/RFP^+^) divisions around 70 hpf ([Fig. 1 C](#fig1){ref-type="fig"}). Interestingly, we observed a sharp drop in the proportion of PP (GFP^+^/RFP^−^) divisions between 64 and 74 hpf (from 88 ± 11 to 32 ± 8; [Fig. 1 C](#fig1){ref-type="fig"}), as recently reported for the single pMN domain ([@bib42]). Thus, the three different modes of neural progenitor division all occur along the dorsal--ventral axis during spinal interneuron generation ([Fig. 1 D](#fig1){ref-type="fig"}).

![**PP, PN, and NN divisions co-occur during spinal cord neurogenesis.** (A) In ovo electroporation (EP) of the pTis21:RFP and pSox2:GFP reporters allows us to identify and discriminate the populations and divisions of PP, PN, and NN progenitors within the developing chick spinal cord. (B) Representative neural tube section obtained at 24 hpe of HH14 embryos, showing GFP^+^;RFP^−^ (PP), GFP^+^;RFP^+^ (PN), and GFP^-^;RFP^+^ (NN) cells in response to differential activities of the pTis21:RFP and pSox2:GFP reporters. The inset shows the neural tube morphology, with nuclei stained with DAPI. (C) The proportions of PP, PN, and NN divisions were assessed at 16 hpe at different developmental points, with a combination of the pSox2:EGFP and pTis21:RFP reporters and pH3 staining to reveal mitoses. Error bars show means ± SEM. (D) Illustration of the three modes of divisions occurring along the dorsal--ventral axis of a developing spinal cord during interneuron neurogenesis. (E--G) Representative neural tube sections obtained 24 h after coelectroporation of HH14 embryos with combinations of the TOP:H2B-RFP (E), GBS:H2B-RFP (F), or BRE:EGFP (G) with their respective controls. The insets show the neural tube morphology, with nuclei stained with DAPI. The right images show the signal observed in response to the specific activity of the corresponding reporter. Bars, 50 µM.](JCB_201307031_Fig1){#fig1}

To pinpoint which extrinsic signal could be controlling the modes of progenitor divisions during spinal interneuron generation, we assessed the endogenous activity of the Sonic Hedgehog and canonical Wnt and BMP pathways, which are all known to play key roles in stem cell maintenance ([@bib31]), and during early spinal cord development ([@bib52]; [@bib21]). Electroporation of a Wnt-responsive reporter (TOP:H2B-RFP) together with a control H2B-GFP vector at HH14 showed at 24 hpe that the canonical Wnt activity was restricted to the most dorsal part of the neural tube ([Fig. 1 E](#fig1){ref-type="fig"}). Conversely, electroporation of a Gli binding site (GBS):H2B-GFP reporter serving as a readout of Sonic Hedgehog signaling showed its activity to be restricted to the ventral part of the neural tube ([Fig. 1 F](#fig1){ref-type="fig"}). In contrast, the canonical BMP pathway appeared to be active along the dorsal--ventral axis of the developing spinal cord, as demonstrated by the activity of the BMP-responsive element (BRE):EGFP reporter ([Fig. 1 G](#fig1){ref-type="fig"}). The BRE:EGFP reporter activity was high in the dorsal-most part of the neural tube, reflecting the early role of BMPs during neural patterning ([@bib23]; [@bib49]). In addition, scattered GFP^+^ cells were detected along the whole dorsal--ventral axis, at the time of interneuron neurogenesis ([@bib23]). These results suggested that the canonical BMP pathway could be controlling the distinct modes of neural progenitor division during spinal interneuron generation.

The distinct modes of division are correlated to different levels of endogenous canonical BMP activity
------------------------------------------------------------------------------------------------------

Thus, we next examined whether the different modes of divisions were correlated in the developing spinal cord with distinct levels of endogenous activity of SMAD1/5/8, the effectors of the canonical BMP pathway ([@bib28]). To this end, we took advantage of an anti--phospho-SMAD1/5/8 (pS158) antibody to locate the active forms of SMAD1/5/8 in dividing neural progenitors. As previously reported in different areas of the developing vertebrate CNS ([@bib32]; [@bib1]), pS158 immunoreactivity was particularly strong in the mitotic nuclei lining the neural tube lumen ([Fig. 2, A and B](#fig2){ref-type="fig"}). This immunoreactivity was observed not only in all the nuclei stained with the mitotic marker pH3 ([Fig. 2 A](#fig2){ref-type="fig"}) but also in the nuclei displaying diffuse lamin B1 immunoreactivity, indicative of the lamin solubilization that occurs before chromosomal condensation and nuclear envelope breakdown ([Fig. 2 B](#fig2){ref-type="fig"}).

![**Quantification of endogenous SMAD1/5 activity and *Id* gene expression in function of the mode of division.** (A and B) Representative sections of HH18 neural tubes stained for the active form of SMAD1/5/8 (pS158) and pH3 (A) or lamin B1 (B). (C--H) Analysis of the endogenous SMAD1/5/8 activity in the distinct modes of divisions. Neural tube sections were stained for pS158 24 hpe of HH14 embryos with a combination of the pSox2:EGFP and the control H2B-RFP vector (C), the pTis21:RFP and the control H2B-GFP vector (E), or both pSox2:EGFP and pTis21:RFP reporters (G). The intensity of the mean nuclear pS158 staining was measured in pSox2^−^ and pSox2^+^ mitoses (D), in pTis21^−^ and pTis21^+^ mitoses (F), or in mitotic GFP^+^;RFP^−^ (PP), GFP^+^;RFP^+^ (PN), and GFP^−^;RFP^+^ (NN) progenitors (H). (I) Illustration of the methodology used to analyze the levels of Id1/2/3 transcripts expressed by the PP, PN, and NN subpopulations. (J) Semiquantitative PCR analysis of the mRNA levels of Id1, Id2, and Id3 transcripts expressed by GFP^+^;RFP^−^ (PP), GFP^+^;RFP^+^ (PN), and GFP^−^;RFP^+^ (NN) cells. a.u., arbitrary unit; EP, electroporation. Error bars show means ± SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. Bars: (main images) 25 µM; (insets) 10 µM. The higher magnification pictures originate from the corresponding insets. The dotted lines delineate nuclei. The asterisks show the cells of interest.](JCB_201307031_Fig2){#fig2}

We quantified the pS158 immunoreactivity in mitotic nuclei 24 hpe and related this to the modes of division using the pSox2:GFP and pTis21:RFP reporters ([Fig. 2, C--H](#fig2){ref-type="fig"}). There was a 34% increase in nuclear pS158 intensity in pSox2^+^ dividing cells as compared with pSox2^−^ mitoses (mean nuclear pS158 intensity of 128 ± 3.5 in pSox2^+^ vs. 95 ± 2.5 in pSox2^−^; P \< 0.001; [Fig. 2, C and D](#fig2){ref-type="fig"}), indicating that SMAD1/5/8 activity was weaker during NN divisions than during progenitor-generating (PP + PN) divisions. Conversely, the nuclear pS158 intensity in pTis21^+^ divisions was significantly weaker than in pTis21^−^ nuclei (mean nuclear pS158 intensity of 96 ± 4.1 in pTis21^+^ vs. 115 ± 5.2 in pTis21^−^; P \< 0.05; [Fig. 2, E and F](#fig2){ref-type="fig"}), indicating stronger SMAD1/5/8 activity during PP divisions than in neurogenic (PN + NN) divisions. Finally, quantification of the nuclear pS158 staining after coelectroporation with both reporters confirmed that SMAD1/5/8 activity was significantly weaker in neural progenitors undergoing NN divisions than in those undergoing progenitor-generating (PP + PN) divisions (mean nuclear pS158 intensity of 75 ± 6.2 for NN vs. 111 ± 6.0 for PN \[P \< 0.01\] and 124 ± 6.7 for PP vs. 111 ± 6.0 for PN \[P \> 0.05\]; [Fig. 2, G and H](#fig2){ref-type="fig"}). Therefore, the variations in the endogenous level of SMAD1/5/8 activity were directly correlated with neural progenitor divisions, with the highest levels associated with PP divisions and the lowest levels with NN divisions.

To support this idea, we investigated whether target genes of the canonical BMP pathway showed changes in expression levels in correlation with the distinct modes of divisions. Genes of the *Id* (*Inhibitor of DNA binding*) family are considered as prototypical direct targets of the canonical BMP pathway ([@bib16]; [@bib19]; [@bib56]). Within the developing spinal cord, *Id1*, *Id2*, and *Id3* might indeed represent bona fide direct targets of the canonical BMP pathway, as their expression levels were, respectively, increased and decreased in response to BMP signaling gain and loss of function ([Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201307031/DC1){#supp1}). Therefore, we next analyzed by semiquantitative PCR their expression levels within PP, PN, and NN cell subpopulations that had been previously purified by FACS 16 h after coelectroporation of the pSox2:EGFP and pTis21:RFP reporters ([Fig. 2 I](#fig2){ref-type="fig"}). Both *Id2* and *Id3* transcripts presented expression levels higher in PP than in PN than in NN subpopulations ([Fig. 2 J](#fig2){ref-type="fig"}). Thus, the regulation of two out of three likely direct target genes of the canonical BMP pathway presented a pattern similar to the one obtained after pS158 quantification. Altogether, these results strongly support the idea that the distinct modes of progenitor division are correlated to different levels of endogenous canonical BMP activity during spinal interneuron neurogenesis.

SMAD1/5 activity is required to maintain self-expanding divisions and to restrain neurogenic divisions
------------------------------------------------------------------------------------------------------

Next, we determined whether SMAD activity influences the modes of division adopted by spinal progenitors. Because we previously demonstrated that SMAD8 is required only for the generation of the most dorsal population of interneurons (dI1; [@bib23]), we focused our attention on the activity of SMAD1 and SMAD5.

We analyzed the consequences of SMAD1/5 inhibition on the modes of division after electroporation of shRNA constructs targeting chick *Smad1* or *Smad5* (sh-S1 and sh-S5, respectively; see Materials and methods). We first performed coelectroporation experiments in which the pTis21:RFP reporter was combined with the sh-S1/5 or control vectors together with an H2B-GFP--expressing vector to follow electroporated cells ([Fig. 3 A](#fig3){ref-type="fig"}). 24 hpe, we observed a significant increase in the percentage of pTis21^+^ dividing progenitors in the absence of SMAD1/5 activity compared with control (percentages of H2B-GFP^+^;pH3^+^;pTis21^+^ cells were 66 ± 2 for control, 86 ± 3 for sh-S1, and 85 ± 3 for sh-S5; P \< 0.01; [Fig. 3 B](#fig3){ref-type="fig"}), indicating that reduced SMAD1/5 activity increased the proportion of neuron-generating divisions (PN + NN).

![**SMAD1/5 activity is required to maintain self-expanding divisions.** (A--D) Analysis of neurogenic (PN + NN) and progenitor-generating (PP + PN) divisions in vivo. Transverse sections were stained for pH3 to identify mitotic progenitors at 24 hpe of HH14 embryos with control (Ctrl) or *Smad1/5* shRNA (sh-S1 and sh-S5) constructs, together with the pTis21:RFP reporter and a control H2B-GFP vector (A) or with the pSox2:GFP reporter and control H2B-RFP vector (C). The higher magnification pictures originate from the corresponding insets. Proportions of mitotic electroporated (H2B-GFP^+^;pH3^+^ \[B\] or H2B-RFP^+^;pH3^+^ \[D\]) progenitors based on the activity of the pTis21:RFP (B) or pSox2:EGFP (D) reporters. (E) Proportions of the three modes of divisions (PP, PN, and NN) obtained 24 hpe with control or *Smad1/5* shRNA vectors (sh-S1 or sh-S5). These percentages were deduced from the earlier results, considering that the %PP = %pTis21^−^, %NN = %pSox2^−^, and %PN = 100 − (%PP + %NN). (F) Proportions of the modes of divisions obtained 24 hpe with 0, 0.5, 1, or 2 µg/µl Somitabun. (G) Illustration of the increase in NN divisions obtained at the expense of PP divisions after SMAD1/5 inhibition in spinal neural progenitors. EP, electroporation; wt, wild type. Error bars show means ± SEM. \*, P \< 0.05; \*\*, P \< 0.01. Bars: (main images) 25 µM; (insets) 10 µM.](JCB_201307031_Fig3){#fig3}

Similar experiments performed with the pSox2:EGFP reporter revealed that the proportion of pSox2^+^ dividing progenitors was significantly lower than in the controls when this reporter was coelectroporated with sh-S1/5 constructs (percentages of H2B-RFP^+^;pH3^+^;pSox2^+^ cells were 81 ± 2 for control, 58 ± 5 for sh-S1, and 65 ± 3 for sh-S5; P \< 0.01; [Fig. 3, C and D](#fig3){ref-type="fig"}). These results indicated that *Smad1/5* knockdown reduced the proportion of progenitor-generating divisions (PP + PN). Coelectroporation of a constitutively active SMAD5 mutant (SMAD5-SD) together with the sh-S5 construct reverted both the proportions of pTis21^+^ divisions and pSox2^+^ divisions at the levels obtained by control electroporation ([Fig. S2, A and B](http://www.jcb.org/cgi/content/full/jcb.201307031/DC1){#supp2}), thereby ensuring of the specificity of the phenotype.

Considering that PP and NN divisions correspond to pTis21^−^ and pSox2^−^ divisions, respectively (see Materials and methods; [@bib42]), we extracted the proportion of PN divisions as %PN = 100 − (%PP + %NN). This revealed that *Smad1/5* knockdown induced an increase in NN divisions of approximately twofold (percentages of NN were 19 ± 2 for control, 42 ± 5 for sh-S1, and 36 ± 3 for sh-S5; P \< 0.01; [Fig. 3 E](#fig3){ref-type="fig"}) and an equivalent approximate twofold reduction in PP divisions (percentages of PP were 34 ± 2 for control, 14 ± 3 for sh-S1, and 15 ± 3 for sh-S5; P \< 0.01: [Fig. 3 E](#fig3){ref-type="fig"}), without affecting PN divisions (percentages of PN were 47 ± 4 for control, 44 ± 8 for sh-S1, and 50 ± 6 for sh-S5: [Fig. 3 E](#fig3){ref-type="fig"}). Moreover, inhibiting SMAD1/5 activity by overexpressing Somitabun, a *Smad5* mutant acting as a dominant negative to SMAD1/5/8 ([@bib15]), produced similar results ([Figs. 3 F](#fig3){ref-type="fig"} and S2, C and D). Interestingly, increasing concentrations of Somitabun resulted in a gradual increase in the proportion of NN divisions concomitant with a gradual decrease in the proportion of PP divisions ([Fig. 3 F](#fig3){ref-type="fig"}). Together, these results established that the mode of division adopted by spinal progenitors depends on the level of SMAD1/5 activity and that high SMAD1/5 activity is required to maintain PP divisions and restrain premature NN divisions ([Fig. 3 G](#fig3){ref-type="fig"}).

We next performed the converse experiment by analyzing the consequences of SMAD1/5 overactivation on the modes of divisions. Constitutively active forms of SMAD1 or SMAD5 (SMAD1-SD and SMAD5-SD, respectively; see [@bib23]) were electroporated in combination with the pTis21:RFP or pSox2:GFP reporters. SMAD1/5-SD significantly decreased the proportion of pTis21^+^ divisions (percentages of H2B-GFP^+^;pH3^+^;pTis21^+^ cells were 74 ± 2 for control, 57 ± 2 for SMAD1-SD, and 55 ± 2 for SMAD5-SD; P \< 0.01; [Fig. 4 A](#fig4){ref-type="fig"}). The percentage of pSox2^+^ dividing cells augmented only slightly after SMAD1/5 overactivation (percentages of H2B-RFP^+^;pH3^+^;pSox2^+^ cells were 80 ± 3 for control, 85 ± 3 for SMAD1-SD, and 86 ± 2 for SMAD5-SD: [Fig. 4 B](#fig4){ref-type="fig"}). The percentages of the three modes of divisions deduced from these data suggested that SMAD1/5 overactivation increased PP divisions (percentages of PP were 26 ± 1 for control, 44 ± 2 for SMAD1-SD, and 45 ± 2 for SMAD5-SD; P \< 0.01; [Fig. 4 C](#fig4){ref-type="fig"}) at the expense of PN (percentages of PN were 54 ± 5 for control, 41 ± 5 for SMAD1-SD, and 41 ± 4 for SMAD5-SD; P \< 0.05; [Fig. 4 C](#fig4){ref-type="fig"}) and NN divisions (percentages of NN were 20 ± 3 for control, 15 ± 2 for SMAD1-SD, and 14 ± 2 for SMAD5-SD; [Fig. 4 C](#fig4){ref-type="fig"}). Thus, high levels of SMAD1/5 activity were sufficient to promote self-expanding divisions ([Fig. 4 D](#fig4){ref-type="fig"}).

![**Strong SMAD1/5 activity promotes PP divisions at the expense of PN and NN divisions.** (A and B) Proportions of mitotic electroporated progenitors (H2B-GFP^+^;pH3^+^ \[A\] or H2B-RFP^+^;pH3^+^ \[B\]) based on the activity of the pTis21:RFP (A) or pSox2:EGFP (B) reporters at 24 h after coelectroporation of HH14 embryos with control (Ctrl), SMAD1-SD (1-SD), or SMAD5-SD (5-SD). (C) Percentages of the three modes of divisions (PP, PN, and NN) obtained at 24 hpe with the constructs indicated and deduced from earlier results, considering that %PP = %pTis21^−^, %NN = %pSox2^−^, and %PN = 100 − (%PP + %NN). (D) Illustration of the increase in PP divisions obtained at the expense of PN and NN divisions after SMAD1/5 overactivation in spinal progenitors. EP, electroporation; wt, wild type. Error bars show means ± SEM. \*, P \< 0.05; \*\*, P \< 0.01.](JCB_201307031_Fig4){#fig4}

SMAD1/5 activity is required to maintain spinal progenitor cells
----------------------------------------------------------------

We reasoned that the concomitant decrease in PP and increase in NN divisions, which are caused by SMAD1/5 inhibition should alter the pace of neuronal differentiation. We thus analyzed the time course of neuronal differentiation after interfering with SMAD1/5 activity. The proportion of electroporated cells (H2B-RFP^+^) differentiated into neurons (HuC/D^+^) was significantly higher from 24 h after *Smad1/5* knockdown onwards (percentages of H2B-RFP^+^;HuC/D^+^ cells at 38 hpe were 31 ± 3 for control, 55 ± 4 for sh-S1, and 54 ± 3 for sh-S5; P \< 0.01; [Figs. 5 A](#fig5){ref-type="fig"} and [S3 A](http://www.jcb.org/cgi/content/full/jcb.201307031/DC1){#supp3}), indicating that the loss of SMAD1/5 activity caused the premature differentiation of neural progenitors in a cell-autonomous manner. To confirm this result, we took advantage of the Tubb3enh:EGFP reporter ([@bib3]), which contains an EGFP cassette driven by an enhancer of the *β3-tubulin* gene, the expression of which is activated during neuronal differentiation. More H2B-RFP^+^;GFP^+^ cells were observed in embryos electroporated with sh-S1 and sh-S5 than in the controls at 24 hpe ([Fig. 5 B](#fig5){ref-type="fig"}). At 24 hpe, *Smad1/5* knockdown had moreover triggered an approximately threefold increase in the activity of a luciferase (Luc) reporter driven by a fragment of the *NeuroD* promoter, a basic helix--loop--helix factor known to activate the panneurogenic differentiation program (pNeuroD:Luc; 14.0 ± 0.8 for control, 41.3 ± 4.2 for sh-S1, and 40.4 ± 4.1 for sh-S5; P \< 0.01; [Fig. 5 C](#fig5){ref-type="fig"}).

![**SMAD1/5 inhibition triggers premature differentiation in a cell-autonomous manner.** (A) Proportions of electroporated cells differentiated into neurons (H2B-RFP^+^;HuC/D^+^) obtained after electroporation of HH14 embryos with control (Ctrl) and *Smad1/5* shRNA (sh-S1 and sh-S5) constructs, in sections of neural tubes recovered at the times indicated (hpe). (B) Representative sections stained for HuC/D expression 24 h after coelectroporation with the Tubb3enh:EGFP reporter, the control H2B-RFP vector, and control or *Smad1/5* shRNA (sh-S1/5). (C) Quantification of luciferase activity (expressed in relative luciferase units \[rlu\]) driven by the pNeuroD reporter at 24 hpe with the *Smad1/5* shRNA (sh-S1 or sh-S5) or control vectors. (D) Representative transverse sections of a chick neural tube at 48 hpe with control or *Smad1/5* shRNA (sh-S1/5). DAPI, HuC/D, and H2B-RFP stain nuclei, differentiating neurons and electroporated cells. (E) Analysis of the ratios of the areas occupied by the VZ (Sox2^+^) and MZ (HuC/D^+^) measured for the electroporated side and standardized to their contralateral controls. EP, electroporation. Error bars show means ± SEM. \*, P \< 0.05; \*\*, P \< 0.01. Bars: (B) 25 µM; (D) 50 µM.](JCB_201307031_Fig5){#fig5}

At 48 hpe, the proportion of H2B-RFP^+^;HuC/D^+^ cells was still higher in sh-S1 and sh-S5 embryos than in control ones ([Fig. 5, A and D](#fig5){ref-type="fig"}). We also noticed that fewer HuC/D^+^ cells were evident in the mantle zone (MZ; the lateral region of the neural tube formed by neurons) after *Smad1/5* knockdown than in the controls ([Figs. 5 D](#fig5){ref-type="fig"} and S3 A). This observation was confirmed by measuring the area occupied by the MZ, which showed an ∼30% reduction in response to SMAD1/5 knockdown ([Figs. 5 E](#fig5){ref-type="fig"} and S3 B). Interestingly, this was associated with an ∼15% decrease in the area occupied by the ventricular zone (VZ) containing the Sox2^+^ progenitors ([Figs. 5 E](#fig5){ref-type="fig"} and S3 B).

Loss of SMAD1/5 activity causes a specific shortening of the S phase
--------------------------------------------------------------------

Distinct stem cell fates and modes of division have been correlated with variations in the cell cycle kinetics of neural progenitors in the developing cerebral cortex ([@bib6]; [@bib43]). To test how SMAD1/5 activity influences the cell cycle, we measured the duration of the different cell cycle phases by performing cumulative BrdU experiments (see Materials and methods; [@bib34]). When we assessed the index of BrdU labeling in electroporated cells (H2B-RFP^+^) located in the VZ at 48 hpe ([Fig. 6 A](#fig6){ref-type="fig"}), the fraction of cells in the S phase (indicated by the intercept of the BrdU labeling curve with the *y* axis) was significantly smaller for sh-S1 (0.24) and sh-S5 (0.21) cells than for the controls (0.35: [Fig. 6 B](#fig6){ref-type="fig"}). In contrast, the time needed for the BrdU labeling index to reach the plateau (representing the Tc − Ts length) was comparable for control (7.0 h), sh-S1 (7.6 h), and sh-S5 (7.7 h) cells. Similarly, the fraction of cycling cells was nearly identical in control (0.77 ± 0.01) and in sh-S1 (0.74 ± 0.01) and sh-S5 (0.76 ± 0.02) electroporated embryos. These data enabled us to calculate the total length of the cell cycle (Tc), which appeared to be significantly shorter after SMAD1/5 inhibition (mean Tc of 12.9 ± 0.9 h for control, 11.3 ± 0.7 h for sh-S1, and 10.8 ± 1.1 h for sh-S5: [Fig. 6 F](#fig6){ref-type="fig"}). Calculating the S-phase length (Ts) revealed a marked shortening after *Smad1/5* knockdown (mean Ts of 5.9 ± 0.6 h for control, 3.7 ± 0.4 h for sh-S1, and 3.1 ± 0.5 h for sh-S5; [Fig. 6 F](#fig6){ref-type="fig"}).

![**Loss of SMAD1/5 activity causes a specific shortening of the S phase.** (A) Representative sections of neural tubes at 48 hpe, after incorporation of BrdU in the last 1 and 12 h. BrdU staining was observed in a fraction of the electroporated H2B-RFP^+^ neural progenitors that were still present in the VZ (dashed lines). (B) BrdU labeling index calculated for neural progenitors electroporated (H2B-RFP^+^) with control (Ctrl), *Smad1* (sh-S1), or *Smad5* (sh-S5) shRNA vectors. Dashed lines show the growth fraction (y axis) and the duration of BrdU incorporation needed to reach the plateau, which represents the (Tc − T~S~) value (*x* axis). (C) Representative sections showing BrdU staining in a fraction of the mitotic (pH3^+^) electroporated (GFP^+^) neural progenitors. (D) Mitotic BrdU labeling index calculated for cells electroporated (GFP^+^) with control, *Smad1*, or *Smad5* (sh-S5) shRNA vectors. Dashed lines show the duration of the BrdU incorporation needed to label 50% of the cell population (*y* axis), which represents the mean *T~G2~* value (*x* axis). (E) Mitotic index calculated for cells electroporated (GFP^+^) with control, *Smad1* (sh-S1), or *Smad5* (sh-S5) shRNA vectors. Both the mean values obtained from counting and those corrected with respect to differential growth fraction values are given. (F) Graphical representation of the duration of the cell cycle (Tc) and its distinct phases measured for control, *Smad1* (sh-S1), or *Smad5* shRNA (sh-S5) electroporated cells. (G--K) Illustration of the method used to assess neural progenitor divisions in vivo (G), after loss (H and I) or gain of function (J and K) of SMAD1/5 activity. (H and J) Representative pictures of the CellTrace violet intensity measured by flow cytometry in dissociated cells at 48 hpe with the indicated constructs. The blue bars highlight the mean intensity obtained in the control condition. (I and K) Quantification of the mean CellTrace violet intensity measured at 48 hpe with the indicated constructs. a.u., arbitrary unit; EP, electroporation. Error bars show means ± SEM. \*\*, P \< 0.01. Bars, 50 µM.](JCB_201307031_Fig6){#fig6}

The length of the G2 phase (TG2) was derived from the BrdU labeling index of the mitotic electroporated cells (GFP^+^;pH3^+^) in the VZ at 48 hpe ([Fig. 6 C](#fig6){ref-type="fig"}). We observed no obvious changes in the labeling index curves of sh-S1, sh-S5, or control cells ([Fig. 6 D](#fig6){ref-type="fig"}), and the mean G2 duration calculated by the paradigm of labeled mitoses method (see Materials and methods; [@bib39]) was comparable for control (1.3 ± 0.1 h), sh-S1 (1.4 ± 0.1 h), and sh-S5 (1.4 ± 0.1 h) cells ([Fig. 6 F](#fig6){ref-type="fig"}).

The duration of the M phase (TM) was derived from the mitotic index of the electroporated cells, and there were no changes in the mitotic indices after electroporation with control or sh-S1/5 vectors (mitotic index 0.04 ± 0.01 for control, 0.05 ± 0.01 for sh-S1, and 0.05 ± 0.01 for sh-S5; [Fig. 6 E](#fig6){ref-type="fig"}) or after applying a correction for the slight differences in growth fraction values (corrected mitotic index of 0.05 ± 0.01 for control, 0.07 ± 0.01 for sh-S1, and 0.07 ± 0.01 for sh-S5; [Fig. 6 E](#fig6){ref-type="fig"}). The TM was then calculated from the Tc and yielded comparable values for control (0.64 ± 0.1 h), sh-S1 (0.80 ± 0.1 h), and sh-S5 (0.76 ± 0.2 h) cells ([Fig. 6 F](#fig6){ref-type="fig"}). Finally, determination of the Tc, Ts, TG2, and TM allowed us to deduce the length of the G1 phase (TG1), which was similar in control (5.0 ± 1.7 h), sh-S1 (5.4 ± 1.3 h), and sh-S5 (5.5 ± 1.9 h) cells ([Fig. 6 F](#fig6){ref-type="fig"}). Together, these analyses indicated that interfering with SMAD1/5 activity in spinal progenitors additionally causes a reduction of their mean cell cycle length as a result of a shortening of the S phase.

We also evaluated the mean number of divisions that electroporated cells performed in vivo using the CellTrace violet, a cytoplasmic retention dye, which is specifically subject to dilution upon cell division. The CellTrace violet was injected into the neural tube lumen at the time of electroporation, and its fluorescence intensity was measured in dissociated GFP^+^ cells at 48 hpe by flow cytometry ([Fig. 6 G](#fig6){ref-type="fig"}). Compared with control embryos, electroporation with sh-S1 or sh-S5 increased the mean CellTrace violet intensity by 41% (mean violet intensity of 6.6 ± 0.5 for control, 9.3 ± 0.8 for sh-S1, and 9.3 ± 0.5 for sh-S5; P \< 0.01; [Fig. 6, H and I](#fig6){ref-type="fig"}), indicating that on average, spinal progenitors with impaired SMAD1/5 activity underwent fewer divisions. Conversely, hyperactivation of SMAD1/5 activity through electroporation of SMAD1-SD and SMAD5-SD caused a reduction in the mean CellTrace violet intensity (mean violet intensity of 7.7 ± 0.6 for control, 5.8 ± 0.4 for SMAD1-SD, and 4.2 ± 0.4 for SMAD5-SD; P \< 0.01; [Fig. 6, J and K](#fig6){ref-type="fig"}), implying that more neural progenitors divided in response to SMAD1/5 overactivation.

The regulation of the modes of division by SMAD1/5 precedes cell cycle alterations
----------------------------------------------------------------------------------

It appears that modulating SMAD1/5 activity within spinal progenitors alters both their mode of division and their cell cycle kinetics. We next established an experimental design to discriminate which of these two events is directly controlled by SMAD1/5. Accordingly, we coelectroporated the two reporters (pTis21:RFP and pSox2:GFP) with the sh-S1/5 or control vectors, and we then dissociated the neural tube cells at 20 hpe, stained them for pH3, and analyzed them by flow cytometry ([Fig. 7 A](#fig7){ref-type="fig"}). The assessment of the proportions of PP, PN, and NN divisions among the mitotic (pH3^+^) electroporated cells confirmed that *Smad1/5* knockdown increased the percentage of NN divisions at the expense of PP ones, without significantly altering PN divisions ([Fig. 7 B](#fig7){ref-type="fig"}). In the same set of experiments, we calculated the mitotic index for each of the three progenitor subpopulations. After control electroporation, although the percentages of mitotic PP and PN cells were comparable, that of mitotic NN progenitors was significantly higher (percentages of pH3^+^ cells were 6.5 ± 0.5 for PP, 9.1 ± 0.4 for PN, and 17.6 ± 1.9 for NN in control conditions; P \< 0.01; [Fig. 7 C](#fig7){ref-type="fig"}), suggesting that NN divisions were faster. Importantly, interfering with SMAD1/5 activity did not affect the mitotic indices of any of the three progenitor populations compared with their respective controls (percentages of pH3^+^ cells were 4.3 ± 0.9 for PP, 8.9 ± 1.0 for PN, and 19.3 ± 3.7 for NN after sh-S1/5 electroporation; [Fig. 7 C](#fig7){ref-type="fig"}).

![**Analysis of the cell cycle distribution of PP, PN, and NN progenitors.** (A) Illustration of the methodology used to analyze the cell cycle distribution of PP, PN, and NN divisions by flow cytometry in dissociated cells processed for pH3 staining or Hoechst incorporation 20 hpe with pTis21:RFP, pSox2:EGFP, and control or *Smad1/5* shRNA vectors. (B) Percentages of mitotic (pH3^+^) GFP^+^;RFP^−^ (PP), GFP^+^;RFP^+^ (PN), and GFP^−^;RFP^+^ (NN) cells electroporated with control (Ctrl) or *Smad1/5* shRNA (sh-S1/5). (C) Mitotic indices of GFP^+^;RFP^−^ (PP), GFP^+^;RFP^+^ (PN), and GFP^−^;RFP^+^ (NN) cells electroporated with control or *Smad1/5* shRNA (sh-S1/5). (D--F) Overlays of representative DNA content profiles obtained after Hoechst incorporation for GFP^+^;RFP^−^ (D, PP), GFP^+^;RFP^+^ (E, PN), and GFP^−^;RFP^+^ (F, NN) cells electroporated with control or sh-S1/5 constructs. Mean values of the percentages of cells in G1, S, and G2--M phases are presented. EP, electroporation. Error bars show means ± SEM. \*\*, P \< 0.01.](JCB_201307031_Fig7){#fig7}

Alternatively, the DNA content was assessed by flow cytometry after Hoechst staining, and its profile was similar for PP and PN cells ([Figs. 7, D and E](#fig7){ref-type="fig"}; and [S4 C](http://www.jcb.org/cgi/content/full/jcb.201307031/DC1){#supp4}). In contrast, the NN cell population presented a surprising DNA content profile, showing numerous peaks and including a nonnegligible proportion of hypoploidy ([Figs. 7 F](#fig7){ref-type="fig"} and S4 D). Studying the distribution of the different cell cycle phases of the diploid populations revealed a significantly higher proportion of PP cells in G1 than PN and NN (mean percentages of G1 were 56 ± 1 for PP, 49 ± 1 for PN, and 46 ± 3 for NN; P \< 0.05; [Figs. 7, D--F](#fig7){ref-type="fig"}; and S4 E), whereas the percentages of these diploid cells in S and G2--M were not significantly affected ([Fig. 7, D--F](#fig7){ref-type="fig"}). The aneuploid NN subpopulation presented significant alterations in the proportions of cells in the G1, S, and G2--M phases compared with the diploid populations (Fig. S4 E). SMAD1/5 inhibition affected the proportions of total PP, PN, and NN cells in a way similar to that previously observed in the mitotic electroporated cells (compare Fig. S4 B with [Fig. 7 B](#fig7){ref-type="fig"}), although it did not significantly alter either the DNA content profile or the cell cycle distribution in any of the cell populations ([Figs. 7, D--F](#fig7){ref-type="fig"}; and S4 E).

Therefore, these results confirmed that SMAD1/5 activity regulated the balance between the modes of divisions of spinal progenitors and further suggested that these changes in cell fate preceded the changes in cell cycle kinetics. Altogether, these data imply that SMAD1/5 directly control the mode of division of neural progenitors during spinal interneuron generation.

Discussion
==========

Combining newly developed markers that identify the three modes of progenitor division in the developing spinal cord (self-expanding \[PP\], self-renewing \[PN\], and self-consuming \[NN\]) with in vivo manipulations of SMAD1/5 activity, we identified a new role for the canonical BMP effectors SMAD1/5 in dictating the mode of division of neural progenitors during spinal interneuron generation ([Fig. 8](#fig8){ref-type="fig"}). Inhibiting SMAD1/5 activity in spinal progenitors at the onset of interneuron generation provoked a premature increase in NN divisions at the expense of PP ones, leading neural progenitors to prematurely exit the cell cycle and undergo differentiation. A consequence of these cell-autonomous effects would be the depletion of the neural progenitor pool, as reflected by the reduction in the size of the VZ containing Sox2^+^ neural progenitors. This would explain why we ultimately observed a reduction in neuron number after SMAD1/5 inhibition in the developing spinal cord (this study; [@bib23]). A similar mechanism could account for the impaired neurogenesis reported after BMP signaling inhibition during both corticogenesis and dentate development ([@bib45]; [@bib4]). Accordingly, the canonical BMP signaling thus appears to be crucial for stem cell maintenance both during neural development and adult neurogenesis ([@bib25]; [@bib29]).

![**Model of the control imposed by SMAD1/5 on the mode of divisions of neural progenitors during spinal interneuron generation.** From the onset of spinal interneuron generation, neural progenitors undergo along the dorsal--ventral axis three distinct modes of division: the symmetric proliferative mode (PP, green arrow), which results in the generation of two daughter progenitor cells; the asymmetric mode (PN, yellow arrow), leading to the generation of one daughter progenitor cell while the other daughter cell is committed to differentiate into a neuron; or the symmetric neurogenic (NN, red arrow) mode through which the two daughter cells are committed to differentiation. The decision of a neural progenitor to undergo one division mode or another is under the control of SMAD1/5, so that high, intermediate, and low levels of SMAD1/5 activity dictate neural progenitors to undergo PP, PN, and NN divisions, respectively.](JCB_201307031_Fig8){#fig8}

Variations in cell cycle kinetics are correlated with distinct stem cell fates in the developing cerebral cortex ([@bib6]; [@bib43]). By taking advantage of the pSox2:EGFP and pTis21:RFP reporters, we distinguished between spinal progenitors based on their mode of division and found that the cell cycle parameters differed in these three populations. In particular, there was an approximately twofold increase in the mitotic index of the NN progenitors over that of the PP and PN populations, suggesting that progenitors committed to NN divisions have a shorter cell cycle. This was consistent with the fact that the premature differentiation provoked by SMAD1/5 inhibition was accompanied by a reduction of the mean cell cycle length, the latter was caused by a shortening of the S phase. Thus, S-phase shortening was associated with neuronal commitment in the developing spinal cord, as reported recently for neural progenitors in the developing mouse cerebral cortex ([@bib2]). Yet our analyses demonstrated that SMAD1/5 inhibition altered the balance between these three division modes without provoking any significant changes in the cell cycle parameters. This leads us to propose that cell fate determination precedes any changes in the cell cycle and that the reduction of the mean cell cycle length is a consequence of the alteration in the balance of the modes of divisions, rather than a cause. Accordingly, differential regulation of cyclin D2 in response to asymmetric divisions was recently demonstrated in the developing murine cerebral cortex, its expression only persisting in the daughter cell that inherited the basal process and that maintained its progenitor identity ([@bib50]). Importantly, the BMP-induced maintenance of adult stem cells is associated with quiescence ([@bib25]; [@bib29]; [@bib35]; [@bib36]), arguing against the idea that BMP activity determines stem cell fate by stimulating cell cycle progression.

Another significant observation was the identification of aneuploid progenitors in the developing spinal cord. There is a growing body of evidence that aneuploid neurons are generated during cerebral cortex development ([@bib41]; [@bib38]) and adult neurogenesis ([@bib41]; [@bib33]) and that these neurons are functional ([@bib17]). Aneuploidy is thought to represent one of the numerous mechanisms causing the variations in DNA content that occur in the CNS, and it is thought to contribute to neuronal diversity and potentially enhance an organism's adaptability ([@bib18]; [@bib33]). Interestingly, we only detected aneuploidy in the NN progenitors committed to terminal neurogenic divisions. Thus, the generation of aneuploid cells might be facilitated by the shortening of the S phase. In fact, changes in the expression of factors key to cell cycle regulation, DNA replication, DNA repair, and chromatin remodeling have already been observed in a genome-wide expression analysis that compared expanding (pTis21:GFP^−^) and committed (pTis21:GFP^+^) neural progenitors in the developing murine cerebral cortex ([@bib2]). Restricting the occurrence of aneuploidy to terminally differentiating neural progenitors might therefore prevent the risk of transmitting potentially deleterious DNA alterations to the whole lineage.

Both the quantification of endogenous pS158 intensity and the comparison of *Id* gene expression levels in the three different progenitor subpopulations supported the notion that the mode of division was dictated by an endogenous gradient of SMAD1/5 activity during spinal interneuron generation, with the weakest activity forcing neural progenitors to enter NN divisions ([Fig. 8](#fig8){ref-type="fig"}). The idea of a gradient of BMP activity acting as a fate determinant was proposed recently in *Drosophila* germline stem cells ([@bib55]), leading to the intriguing hypothesis that dramatic cellular decisions such as stem cell fate originate from subtle variations in the levels of SMAD activity. We quantified levels of SMAD1/5 activity during mitosis; however, we do not exclude the possibility that regulating cell fate decision through modifications of SMAD1/5 activity could occur earlier in the cell cycle. Another interesting question will be to determine whether *Id2* and *Id3* are effectively involved in instructing the mode of spinal progenitor division, as suggested by their expression gradually decreasing in PP, PN, and NN progenitors.

The canonical BMP activity is highly dynamic both spatially and temporally during spinal cord development ([@bib23]; [@bib22]; [@bib49]). The activity of the canonical BMP pathway is restricted to the most dorsal part of the neural tube at early stages ([@bib23]; [@bib49]) but deploys along the whole dorsal--ventral axis at the onset of interneuron generation ([@bib23]). Thus, the canonical BMP activity is likely to be required for the maintenance of self-expanding divisions only from that stage. Accordingly, Sonic Hedgehog signaling is crucial for the maintenance of self-expanding divisions earlier during development, within the context of motor neuron generation ([@bib42]). Together, these results support the notion that the influence of a particular extrinsic factor on neural stem and progenitor cells is both stage and area specific ([@bib7]). Considering the diversity of extrinsic signals reported to affect neural stem cell maintenance ([@bib9]; [@bib48]; [@bib8]), one of the future challenges in the field of stem cell biology will be to identify the molecular mechanisms underlining these context-specific effects and to uncover the common key intrinsic factors acting downstream of these extrinsic cues to command the mode of stem cell division.

Materials and methods
=====================

Chick embryos
-------------

Eggs from white Leghorn chickens were staged according to the method of [@bib14]. In ovo electroporation was performed at stage HH14 (54 h of incubation with 22 somites) unless otherwise notified, and the embryos were recovered at the times indicated (12--72 hpe). Electroporation was performed as described previously ([@bib23]).

DNA constructs
--------------

The pCAGGS_ires_H2B-RFP and pCS2:H2B-GFP vectors were used at a concentration of 0.5 µg/µl as controls for electroporation. Inhibition of endogenous SMAD1/5 activity was induced by electroporation of pSuper or pSHIN vectors (3--4 µg/µl), which produce shRNAs that specifically target chick *Smad1* and *Smad5* and reduce to ∼50% of their endogenous mRNA levels ([@bib23]). Alternatively, inhibition of SMAD activity was achieved by overexpressing the dominant-negative *Smad5* mutant Somitabun ([@bib23]) at various concentrations (combinations of 0:2, 0.5:1.5, 1:1, and 2:0 µg/µl of pCS2/Somitabun and empty pCS2 constructs\]. The SMAD1-SD and SMAD5-SD mutants were used to overactivate endogenous SMAD1/5 activity. As previously described ([@bib23]), these pseudophosphorylated mutant versions of SMAD1 and SMAD5 were generated by PCR-mediated site-directed mutagenesis, replacing the three serines at the C-terminal end by aspartic acid, and cloned into pCAGGS-ires-GFP or into pCAGGS-ires-H2B-RFP.

The pTis21:RFP reporter was created by inserting a fragment of the promoter of the mouse *Tis21* gene (−442 to 65) into the ptk:RFP plasmid ([@bib51]), amplified from the mouse genome by PCR using the primers 5′-GGGATGAGTGGCAGAGATGT-3′ and 5′-GGTGGCTGAGGAAGTAGCTG-3′. The pSox2:EGFP reporter consisted of an EGFP cassette from the ptk2:EGFP plasmid under the control of a fragment of the chicken *Sox2* promoter covering the 7.6--14 kb of the *Sox2* locus. This fragment (provided by M. Uchikawa, Osaka University, Osaka, Japan) has already been shown to specifically reproduce endogenous Sox2 promoter activity in the developing spinal cord ([@bib51]).

The endogenous activities of the Sonic Hedgehog and canonical Wnt pathways were assessed using reporter constructs producing H2B-RFP under the control of a promoter containing synthetic 8× 3′GBSs ([@bib44]; [@bib42]) or synthetic T cell factor binding sites ([@bib20]), respectively. As previously described ([@bib23]), the BRE:GFP reporter consists of an artificial promoter containing two copies of two distinct, highly conserved BRE encompassing the genomic regions −1,032/−1,052 (SBE-3, SBE-2, and GC′-5) and −1,080/−1,105 (CAGC-2, CAGC-1, and GC′-3,4) of the natural human *Id1* promoter ([@bib19]), which has been cloned upstream of the herpes simplex virus thymidine kinase minimal promoter in a vector carrying EGFP.

The Tubb3enh:EGFP reporter ([@bib3]), consisting of an enhancer of the mouse Tubb3 gene inserted into the multiple cloning site of the bGlobin-GFP-MCSIII vector, was provided by J. Muhr (Karolinska Institute, Stockholm, Sweden) . The mPlum construct, which was developed and provided by the R.Y. Tsien laboratory (Howard Hughes Medical Institute, University of California, San Diego, La Jolla, CA), produces from a pUC19 backbone a far-red--emitting fluorescent protein obtained by directed mutagenesis of a monomeric mutant of DsRed ([@bib53]).

Immunohistochemistry and microscopy
-----------------------------------

Embryos were fixed for 2 h at 4°C in 4% PFA, and immunostaining was performed on either vibratome (40 µm) or cryostat (16 µm) sections following standard procedures. For BrdU detection, sections were incubated in 2 N HCl for 30 min and then rinsed with 0.1 M Na~2~B~4~O~7~, pH 8.5. After washing in PBS--0.1% Triton X-100, the sections were incubated with the appropriate primary antibodies: rabbit anti-GFP, rabbit anti-Sox2, mouse anti-HuC/D, and mouse anti--lamin B1 (Invitrogen), rat anti-BrdU (AbD Serotec), rabbit anti-pS158 (Cell Signaling Technology), or rabbit anti-pH3 (EMD Millipore). Alexa Fluor 488--, Alexa Fluor 555--, and Cy5-conjugated secondary antibodies were obtained from Invitrogen and Jackson ImmunoResearch Laboratories, Inc. Sections were stained with 1 µg/ml DAPI and mounted in Mowiol (Sigma-Aldrich). Images were acquired at room temperature with the LAS software (Leica) on a confocal microscope (SP5; Leica) using 20× (dry HC Plan Apochromat, NA 0.70), 40× (oil HCX Plan Apochromat, NA 1.25--0.75), or 63× (oil HCX Plan Apochromat, NA 1.40--0.60) objective lenses. Maximal projections obtained from 2-µm z-stack images were processed in Photoshop CS5 and Illustrator CS4 (Adobe) for image merging and resizing and cell counting. Cell counts were typically performed on three to five images per embryo. The data represent the means ± SEM obtained from the values of at least *n* = 5 different embryos, for each time point and experimental condition.

Measurement of the Sox2^+^ (VZ) and HuC/D^+^ (MZ) areas
-------------------------------------------------------

The effects of SMAD1/5 inhibition on the total numbers of neural progenitors or neurons were assessed by measuring the area occupied, respectively, by the VZ (containing the Sox2^+^ progenitors) or the MZ (formed by the HuC/D^+^ neurons). These areas were obtained from pictures of chick neural tube transverse sections stained for Sox2 and HuC/D, 48 hpe. The Sox2 and HuC/D channels were then extracted and measured using the ImageJ software (National Institutes of Health) by adapting the methodology previously described by K. Straatman (Advanced Imaging Facilities, University of Leicester, Leicester, England, UK). In brief, after splitting the channels of 2-µm z-stack maximal projection images, the look-up table of the channel of interest was inverted, and its threshold was adjusted. The HuC/D^+^ or Sox2^+^ areas were then measured for both control and electroporated neural tube sides by a particle analysis using a pixel^2^ size ranging from 1,000 to infinity. The data are presented as the ratios ± SEM obtained by standardizing the values of the electroporated side to the corresponding values of the respective nonelectroporated side. Three images were used to calculate a mean value per embryo. The data represent the means ± SEM obtained from the values of ≥10 different embryos per experimental condition.

Quantification of pS158 staining
--------------------------------

The intensity of the pS158 staining was quantified within mitotic progenitors during the distinct modes of divisions. HH14 embryos electroporated with either pSox2:EGFP and a control H2B-RFP vector, pTis21:RFP and a control H2B-GFP vector, or pSox2:EGFP and pTis21:RFP were recovered at 24 hpe and processed for immunohistochemistry using the phospho-SMAD1/5/8 antibody (pS158; Cell Signaling Technology). Maximal projections obtained from 2-µm z-stack images taken with a confocal microscope (SP5) were then analyzed using the ImageJ software. The nuclear area of the electroporated mitotic progenitors was then delimitated by polygonal selection, and the mean intensity of the nuclear pS158 staining was quantified as the mean gray value. Quantifications were performed on five to nine different images to calculate a mean value per embryo. The data represent the means ± SEM obtained from the values of at least eight different embryos per experimental condition.

Flow cytometry
--------------

HH14 embryos were recovered 16 or 20 h after coelectroporation with the pSox2:EGFP and pTis21:RFP reporters, in the absence (for PCR analysis) or additional presence (for cell cycle analysis) of control or sh-S1/5 vectors. Cell suspensions were obtained from pools of six to eight dissected neural tubes after digestion with trypsin-EDTA (Sigma-Aldrich) for 10--15 min and further processed on a cell sorter (FACS Aria III; BD) for EGFP and RFP fluorescence. To analyze the DNA content, the samples were incubated with 10 µg/ml of Hoechst (Sigma-Aldrich) at 37°C for 30 min. The cellular DNA content was analyzed in single fluorescence histograms using the Multicycle software (Phoenix Flow Systems). The mean ± SEM represents the percentages of cells in G1, S, and G2--M from the analysis of 9--10 cell pools per experimental condition. At least 5,000 cells for each progenitor population (PP, PN, and NN) were analyzed per pool. Alternatively, dissociated cell pools were processed for pH3 immunocytochemistry and analyzed for EGFP, RFP, and Cy5 fluorescence. The data are presented as the means ± SEM obtained from four to five cell pools per experimental condition.

Real-time PCR
-------------

Total RNA extracts were obtained following the TRIZOL protocol (Invitrogen) from subpopulations of GFP^+^;RFP^−^ (PP), GFP^+^;RFP^+^ (PN), and GFP^−^;RFP^+^ (NN) cells segregated and purified by FACS (20,000 cells per pool). Reverse transcription and real-time PCR were performed according to manufacturer's instructions (Roche) using a lightcycler (LC 480; Roche). Specific primers used for quantitative PCR amplification of *Id* genes were purchased (QuantiTect Primer Assays; QIAGEN). Oligonucleotides specific for chick Gapdh were used for normalization. PCR amplifications were assessed from four independent cell pools per experimental condition. Data are expressed in arbitrary units and represent mean standardized values ± SEM.

Analysis of the mean number of divisions
----------------------------------------

We assessed the mean number of divisions of neural progenitors in vivo using the cell proliferation kit (CellTrace violet; Invitrogen). Here, the violet cell tracer (1 mM), a cytoplasmic retention dye that becomes diluted as cells divide, was injected into the neural tube lumen at the time of electroporation. HH14 embryos were recovered at 48 hpe, the neural tube was carefully removed, and the cells were dissociated after a 10--15-min digestion in trypsin-EDTA. The fluorescence intensity of the violet tracer was measured in viable dissociated electroporated GFP^+^ cells in the 405/450-nm excitation/emission range on a flow cytometer (Gallios; Beckman Coulter). The data are presented as the mean CellTrace violet intensity (±SEM) obtained from 6--16 embryos per experimental condition.

In situ hybridization
---------------------

HH14 embryos were recovered at 24 hpe, fixed overnight at 4°C in 4% PFA, rinsed in PBS, and processed for whole-mount RNA in situ hybridization following standard procedures using probes for chick *Id1*, *Id2*, *Id3*, and *Id4* (from the chicken EST project; UK Human Genome Mapping Project Resource Centre). Hybridized embryos were postfixed in 4% PFA and washed in PBT (PBS with Tween). 45-µM-thick sections were cut with a vibratome (VT1000S; Leica), mounted, and photographed using a microscope (DC300; Leica). The data show representative pictures obtained from three independent embryos per experimental condition.

Luciferase reporter assay
-------------------------

Transcriptional activity of the *NeuroD* promoter was assessed in vivo following electroporation of the pNeuroD:Luc vector and a renilla luciferase reporter construct carrying the cytomegalovirus immediate early enhancer promoter for normalization (Promega), together with the indicated DNAs. 24 hpe, the neural tubes were dissected and processed following the Dual Luciferase Reporter Assay System protocol (Promega), as described previously ([@bib23]). The data are presented as the means ± SEM from 11--12 embryos per experimental condition.

Calculation of the duration of the cell cycle phases
----------------------------------------------------

The lengths of the cell cycle (Tc) and S phase (Ts) were calculated from the BrdU labeling indices assessed for electroporated cells (H2B-RFP^+^) located in the VZ at 48 hpe, which were obtained from cumulative BrdU experiments following the nonlinear regression method described by [@bib34]. In brief, the best nonlinear parameters fitting the experimental data allow the calculation of the duration needed for the BrdU labeling index to reach the plateau, which provides the length Tc − Ts; the fraction of maximum labeling index, which corresponds to the growth fraction value (GF); and the intercept of the BrdU labeling curve with the *y* axis, representing the fraction of cycling cells in S phase \[GF × (Ts/Tc)\].

The TM was derived from the mitotic index (MI) and calculated from the respective Tc, so that TM = Tc × MI, as reported previously ([@bib2]). A correction was applied to the values obtained from cell counts, to take into account the slight differences in the growth fraction (deduced from the cumulative BrdU experiments): corrected TM = Tc × MI/GF.

The TG2 was calculated using the mitotic labeling index data obtained from cumulative BrdU experiments, according to the percentage of labeled mitoses paradigm as previously described ([@bib39]; [@bib37]), so that the mean TG2 length corresponds to the duration of BrdU incorporation required to obtain the half-maximal appearance of GFP^+^;pH3^+^:BrdU^+^ cells. By means of an error minimization algorithm, provided by J. Buceta (Parc Cientific de Barcelona, Barcelona, Spain), the mitotic labeling index data were fitted to the following function:
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In this function, there are two fitting parameters, *T~G2~* and *n*, which correspond, respectively, to TG2 and to the sharpness of the mitotic response. Note that *f* (*T~G2~*) = 1/2 regardless the value of *n*.

The errors of the mean Tc, Ts, TM, TG2, and TG1 were estimated using the standard error propagation technique using the corresponding formulas. In brief, given a set of points (*x~i~*, *y~i~* ± *σ~i~*), in which i = 1, 2, ..., *M*, and a nonlinear fitting function *Y*(*x*; {*a*}), in which {*a*} stands for a set of *N* parameters (*a~1~*, *a~2~*, ..., *a~N~*), the error minimization algorithm implements a standard Newton scheme to find the set {*a*} that minimizes the amount:
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Thus, we weight differently every experimental point depending on its error (the larger the error, the smaller its weight).

Statistical analysis
--------------------

The quantitative data are expressed as means ± SEM. Statistical analysis was performed using the StatView software (SAS Institute Inc.), and significance was assessed by performing analysis of variance followed by the Student--Newman--Keuls test. Otherwise, the significance was assessed using the Student's *t* test ([Figs. 2, D and F](#fig2){ref-type="fig"}; and [7, B--F](#fig7){ref-type="fig"}). Concerning the durations of the cell cycle phases ([Fig. 6](#fig6){ref-type="fig"}) and the extrapolation of the proportion of PN ([Figs. 3, E and F](#fig3){ref-type="fig"}; and [4 C](#fig4){ref-type="fig"}), the errors were estimated using the standard error propagation technique using the corresponding formulas (\*, P \< 0.05; \*\*, P \< 0.01; and \*\*\*, P \< 0.001).

Online supplemental material
----------------------------

Fig. S1 shows the analysis of the mRNA expression of *Id* genes in response to modulations of the canonical BMP activity. Fig. S2 presents the proportions of pTis21^+^ and pSox2^+^ divisions obtained in response to experiments of rescue and dose-dependent effects of SMAD1/5 inhibition. Fig. S3 shows representative pictures of the cell-autonomous and overall effects of SMAD1/5 inhibition on the neuronal differentiation of spinal progenitors. Fig. S4 gives further details on the flow cytometry analysis of the cell cycle distribution of the PP, PN, and NN progenitors. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201307031/DC1>.
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